Abstract The Wenchuan earthquake caused tremendous damages to forests, which could increase tree mortality, disrupt forest carbon cycling, and pose serious challenge to sustainable forest management. In this study, we analyzed data from 871 permanent forest plots from the Sichuan forest inventory (SFI) system to quantify the impacts of 2008 Wenchuan earthquake on tree mortality and forest biomass carbon. Our results showed that the 5-year tree mortality had significantly increased from 2.26 to 3.52 % in the region with seismic intensity of CVII (VII and above), and even more dramatically in the hardest hit zone with seismic intensity of X and XI, which showed an increase from 3.77 to 8.96 %. It is estimated that the Wenchuan earthquake had killed as much as 34.5 million trees and mobilized a dead carbon pool of 1050 Gg C (7.87 Mg C/km 2 /a) in the region with seismic intensity of CVII. Our results suggested that the earthquake was the main cause of this Electronic supplementary material The online version of this article (doi:10.1007/s11069-015-1653-6) contains supplementary material, which is available to authorized users. 
Five-year tree mortality (%) of plots during 2007-2012 and 2002-2007 . Tree mortality of each plot was represented by black cycles in different sizes. VI, VII, VIII, XI, and X were the seismic intensities. After the earthquake, plots of higher tree mortality are more likely to be found at high seismic intensity regions Nat Hazards (2015 Hazards ( ) 77:1261 Hazards ( -1274 Hazards ( 1263 earthquakes, while we believe that quantifying the long-term (non-immediate impacts) tree mortality and the loss of forest carbon pools would provide more accurate insights into the destructive effects of the Wenchuan earthquake, and help guiding policy-making for forest management in this tectonically active region. In addition, we also focus on investigating the earthquake impacts on plantations versus natural forests because plantations have been developed rapidly in southern China in the past years. For further development of forestry in this earthquake-frequent region, it has been widely concerned to develop more plantations or protect more natural forests. Moreover, we collected data from 871 permanent plots in the forest inventory system in Sichuan Province, southwestern China, to investigate the 5-year tree mortality and carbon loss before and after the Wenchuan earthquake to quantify its long-term impacts on forest ecosystems at different seismic intensities.
Materials and methods

Data for the study area
The Wenchuan earthquake (M = 8.0) struck Longmen Shan mountain range between the eastern rim of Tibetan Plateau and the western part of Sichuan Basin of China on May 12 2008 (Parsons et al. 2008; Hubbard and Shaw 2009) . The study area is defined as the region with a seismic intensity (SI) of CVI (VI and above) according to the distribution map of Wenchuan earthquake intensity (Version 3.0, China Earthquake Administration, 2009). The area that experienced seismic intensity (SI) of VI-XI was 149,943; 32,783; 18,078; 7399; 4185; and 2478 km 2 , respectively, adding up to a total of 214,867 km 2 (Fig. 1) . The forest coverage in the study area before the earthquake was 32.47 % according to the Inventory for Forest Management, Planning and Design (2007) .
We analyzed the data collected from permanent plots of the Sichuan forest inventory (SFI) system. These plots are systemically re-measured every 5 years, and the most recent inventory was conducted in 2012. Each plot has an area of 667 m 2 , and the plots were spaced at 4 or 8 km. Each tree with a diameter at breast height (DBH) [5 cm was tagged, measured, and recorded. We compiled and analyzed a data set of 871 forest plots that had been re-measured at least two times since 2002. These plots have an average elevation of 1723 m (range between 268 and 4280 m), an annual average temperature of 12.9°C, and an annual precipitation of 991 mm during [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . In order to identify the effects of various ecological and geographic factors, we analyzed tree mortality for different forest types (broadleaf, coniferous), origins (natural or planted), stand mean diameter (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) [20 cm) , elevation (\1000, 1000-2500, [2500 m), and slope (\ 24, 24-32, [32°) . Moreover, we compared plots with or without other types of natural disturbances. According to the Manual of Forest Inventory, all the catastrophic events were categorized into four types, including (1) insects and diseases [recorded when more than 10 % trees were injured in plots], (2) fire, (3) climate and geological hazard [such as earthquakes, snowstorms, drought, and landslides], and (4) others.
Five-year tree mortality
All living trees, fallen logs, and snags in each plot were recorded; these data were used to calculate tree mortality, which is the number of dead trees divided by the total number of living and dead trees in each plot. We analyzed for significant changes in tree mortality before and after the earthquake within different seismic intensity regions (from VI to XI, Table 1 Five-year tree mortality by forest type, origin, stand mean diameter, elevation, and slope, and the significance of tree mortality by different seismic intensity regions and periods before (2002) (2003) (2004) (2005) (2006) (2007) and after (2007) (2008) (2009) (2010) (2011) (2012) ) the earthquake Hazards (2015 Hazards ( ) 77:1261 Hazards ( -1274 Hazards ( 1265 Fig. 1), and for significant differences among classes of stand as well as geographic variables using ANOVA (R, version 3.0.2). A confidence level of P \ 0.05 was applied. In the analysis, the forest status in the area with a seismic intensity of VI was used as the baseline.
2.3 Loss of carbon stock from the earthquake
We calculated the biomass carbon of individual tree by using the allometric equations developed for 15 tree species in the Forest Carbon Monitoring and Accounting Project by the Forestry Department of Sichuan Province (see S. Table 1 , and S. Table 2 ). We also calculated the total carbon sink/source for the regions with seismic intensity of VI to XI. Because the biomass carbon of understory vegetation is found to be insignificant (4.7 % of total biomass carbon stock according to the Forest Carbon Monitoring and Accounting Project) in these forest ecosystems, it was excluded from the analysis. The total forest carbon stock was obtained by multiplying the average carbon density of forest biomass by the total forest area in each seismic intensity region (Brown and Lugo 1984; Brown et al. 1989) , whereas afforestation and natural regeneration of forests after the earthquake were not considered in the study. Mason et al. (2013) found that the wood density in (coarse wood debris) CWD would still left 67 (39.7-99.8 %) even for trees with diameters \30 cm by 19 tree species. However, most of the dead trees were removed from the sites as timber or firewood post the earthquake. Given the subtropical climate in the study area, the small amount of residuals from branches and leaves of the dead trees would decompose rapidly after the earthquake. Therefore, our objective was mainly to evaluate the carbon loss from the live wood carbon pool to the dead wood carbon pool of forests after the earthquake. In order to quantify the dead carbon pool resulted from the earthquake, we assumed that the 5-year tree mortality before the earthquake represents a normal, stable state, while the increase in mortality rate after the earthquake represents the amount of carbon mobilized by the earthquake. Thus, we used the total forest area in year 2007, mean stand carbon density, number of trees, individual biomass carbon of dead trees, and 5-year tree mortality to calculate the loss of forest carbon pools and numbers of trees, using these equations:
where Fi,total is the total forest carbon pool or total number of trees for region i; F i;plot represents the average forest carbon density (t C/ha) or average total number of trees in region i; F i,dead is the total dead number of trees in region i; DD 1i is the earthquake mobilized number of trees in region i; DD 2i is the earthquake mobilized total forest carbon in region i; DT i is the average biomass carbon of dead tree in region i; A i is the forest area of the region i; M i,t is the tree mortality of the seismic intensity region i at the period of t; i is the seismic intensity region (VI-XI); t is the period.
Results
Effects of different earthquake intensity on tree mortality
The average 5-year tree mortality increased slightly from 2.47 to 2.89 % in the overall study area after the Wenchuan earthquake (Table 1) , with the rate increased markedly toward the epicenter. For instance, in the hardest hit area (seismic intensity of X, XI), the post-earthquake tree mortality had increased by 2.4 times (p \ 0.05, Table 1 ). Tree mortality significantly increased from 2.26 to 3.52 %, 2.67 to 5.25 %, 4.12 to 7.4 %, and 3.77 to 8.96 % in the regions with a seismic intensity of CVII (VII and above), CVIII (VIII and above), CIX (IX and above), and CX (X and above), respectively, compared with the pre-earthquake (2002-2007) levels ( Table 1 ). The spatial pattern of tree mortality and the regions with different seismic intensity showed oval-shaped isoclines (Fig. 1) . Tree mortality increased from 2.58 % in the region with an intensity of grade VI to 8.80 % in the region where the earthquake intensity reached grade XI. Interestingly, we found that tree mortality showed a slight increase with intensity even before the earthquake (Fig. 2) , indicating tree mortality was not evenly distributed across the region. Further analyzed results showed that the earthquake had significantly increased the exponent from 0.1435 to 0.2971 in the exponential functions, resulting in much greater mortality rates at high intensity levels (Fig. 2 ).
Impacts of other disturbances on tree mortality
According to the disturbance events recorded during the period of 2002-2007 and 2007-2012 , the proportion of plots with no disturbance events increased from 76.79 to The 5-year tree mortality increased exponentially as the seismic intensity increased, and the R 2 were 0.30 (p = 0.006) and 0.86 (p \ 0.0001) before and after the earthquake, respectively. The increased rate of tree mortality after the earthquake was much higher than the year 2002-2007, especially in the higher seismic intensity regions 87.17 % since the earthquake and the corresponding tree mortality slightly decreased from 2.4 to 2.0 % (p = 0.09) after the earthquake in the reference region with SI of VI. The proportion of plots with insects and diseases had decreased from 18.87 to 9.27 %, and tree mortality had changed from 1.99 to 1.95 % (p = 0.90); the proportion of plots with fire, wind, snow, landslide, drought, and other hazards decreased from 4.33 to 3.55 %, and tree mortality had increased from 8.47 to 19.12 % (p value = 0.09). However, in the severe seismic impact region with SI of VII to XI, the 5-year tree mortality increased from 2.34 to 3.19 % of plots with no disturbance events, from 1.58 to 4.33 % of plots with insects and diseases, and decreased from 6.24 to 5.22 % for wind, snow, landslide, and other hazards.
3.3 Impacts of earthquake on tree mortality under different ecological and geographic conditions
The 5-year tree mortality increased after the earthquake for different classes of species, forest origins, elevation, slope, and stand mean diameter (except D [ 20 cm) in the regions with SI of CVII to CX (Table 1) . In this region, the tree mortality of the natural forests was higher than the planted forests; meanwhile, the tree mortality of broadleaf forests was higher than the coniferous forests before and after the earthquake. The earthquake-induced tree mortality increased from 2.56 to 3.78 % (p = 0.06) for the natural forests and 1.35-2.88 % (p = 0.07) for the planted forests. Moreover, the earthquake also increased tree mortality from 1.31 to 2.49 % (p = 0.01) for the coniferous forests and form 3.89 to 5.39 % (p = 0.2) for the broadleaf forests, respectively. In addition, the forests featured high tree mortalities at larger stand mean diameter ([10 cm), higher elevations (elevation ranged from 1000 to 2500 m), and steeper slopes (slope [32°) in the region of VII' ( Table 1) . The Wenchuan earthquake significantly increased the tree mortality rates by 47.7 and 113.3 % for the natural and planted forests, in the region with SI of CVII. Natural forests in the study region are found on steeper slopes (an average of 28.8°as compared with 23.5°i n plantations), at higher elevations (an average of 2082 m as compared with 796 m), with larger stand mean diameter (19.6 cm as compared with 12.1 cm), and slightly higher seismic intensity (an average SI of 6.66 as compared with 6.49) than planted forests. The coniferous plots account for 59 % of plots for natural forests, less than that in the planted IR the increasing rate of tree mortality (%) forests (75 %). It must be noted that even though the earthquake increased tree mortality of the coniferous species by 268.3 % (from 0.89 to 3.27 %) in planted forests, much higher than that in natural forests (37.8 %, from 1.50 to 2.06 %), the increase rate of tree mortality of broadleaf species in planted forest (28.7 %) was lower than that of natural forests (43.2 %). In addition, the increases in tree mortality after the earthquake for planted forests was higher than that of the natural forests at slope B24, slope [24, elevation B1000, elevation [1000, D B 12, and D [ 12, respectively (Table 2) .
Effects of earthquake on biomass carbon stocks
The Wenchuan earthquake exacerbated tree mortality and thus reduced the forest biomass carbon stocks. Our results showed that the earthquake had killed 34.5 million trees, resulted in dead carbon of 1050.11 Gg C with a flux of 7.87 Mg C/km 2 /a in the region with SI of CVII ( Table 3 ). The earthquake had killed 1.39, 14.45, 2.20, 9.93, and 6.52 million trees, in the regions with seismic intensity of VII-XI, respectively, and the corresponding mobilized dead carbon stocks were 87.69, 439.91, 61.18, 321.46, and 139.87 Gg C, respectively. Moreover, the total of 5-year forest carbon sink was 10,109.07 Gg C with a flux of 72.29 Mg/C/km 2 /a in the region with the seismic intensity of CVII according to the ''Forest Carbon Monitoring and Accounting Project''. That means the Wenchuan earthquake had wasted 10.4 % (equals to dead carbon pool of 1050.11 Gg C divided by total carbon sink of 10,109.07 Gg C) of the total carbon sink stability of forests in this region without considering the retention period of dead wood.
Discussion
The Wenchuan earthquake increased tree mortality
On the eastern side of the Tibetan plateau, the 2008 Wenchuan earthquake ruptured a large thrust fault along Longmen Shan mountain range with thousands of fatalities and widespread damages (Hubbard and Shaw 2009) . Moreover, the main shock and aftershocks had directly changed the landscape, destroyed forests, and tree habitats, and led to environmental pollutions, which might have an immediate or long-term influence on tree mortality (Merrens and Peart 1992; Allen et al. 1999; Liu and Sheu 2007) . For example, Allen et al. (1999) found that earthquake-induced landslides disturbed 35 % of the ground surface area with an average tree mortality of 24 % on Basin Creek plot in Southern Alps, New Zealand. Besides landslides, Vittoz et al. (2001a) reported that most of the trees died from the effects of shaking during the 1929 earthquake in New Zealand. In the current study, the 5-year tree mortality after the earthquake was found to be 2.4 times of the tree mortality during the period of 2002-2007 in the hardest hit zone, including those caused by shaking, seismic-induced landslides, and long-term effects. Previous studies have also found that the severity of forest damage strongly related to the distance from earthquake's epicenter (Vittoz et al. 2001b) . Similarly, our results also showed that tree mortality significantly increased as the seismic intensity increased (Fig. 2) , suggesting that the geological and ecological impacts of the earthquake became more severe toward the center of impact. In addition, plots with higher tree mortality (larger than 17 %) after the earthquake was mainly located around the boundary between Tibetan plateau and Sichuan Basin at the Longmen Shan fault region (Fig. 1) . Interestingly, we also found that the spatial distribution of tree mortality rates appears to be governed by earthquake intensity. It should be number of trees killed by the earthquake, DD2 carbon mobilized by the earthquake noted that tree mortality of the 85 plots (with an average rate of 7.35 %) located at the southwest region was obviously larger than other plots in the region with seismic intensity of VI (Fig. 1) . However, tree mortality in these plots was 7.12 % before the earthquake, which was not significant compared to the rate after the earthquake (p = 0.15). Forest insect, epidemics may have severe impacts on ecosystem dynamics by causing tree mortality and reducing the growth of millions of trees across extensive areas (Kurz et al. 2008) . Injured trees from an earthquake may become more sensitive to insect attack and more prone to diseases, increasing the risk of epidemics (Filip et al. 2007; Allen et al. 2010) . In this study, we found that tree mortality had significantly increased in the plots with insects and disease disturbance in the region with the seismic intensity of C VII, which might be induced by the damages from the earthquake. Meanwhile, we also found that tree mortality of plots with other disturbance was almost the same at the baseline region with SI of VI (Fig. 2) , but decreased in the region with SI of CVII, suggesting that the other disturbances were not the causations for the rising of tree mortality. In order to differentiate the impacts of earthquake, we compared tree mortality in the earlier two periods (2002-2007 vs. 1997-2002) and found that tree mortality was not statistically different (p [ 0.12) between the two periods (data not shown). These results suggest that the damages caused by the Wenchuan earthquake were the major driving factor for the increased tree mortality during the years of 2007-2012.
Natural forests are more resistant than plantations
Based on the thinning response hypothesis, forest thinning is a major method for encouraging forest productivity in plantations (Skovsgaard and Vanclay 2008) . Thinning increases resource and space availability to trees, allowing them to grow more efficiently and reduce mortality (Skovsgaard and Vanclay 2008) . In the study region, we found that the planted forests had lower tree mortality than the natural forests after the earthquake, but when compared with their mortality rates before the earthquake, natural forests showed less degree of earthquake impacts ( Table 2 ). The increased tree mortality rate for planted forests was higher than that of natural forests across the classified slope, elevation, and stand mean diameter, suggesting that the larger increase in mortality rate for planted forests was not driven by these factors. Moreover, the dominant coniferous species in natural forests were mainly fir and spruce; these trees have a primary taproot which provided them great resistance to sudden changes in upper soil horizons (Mauer and Palátová 2012) . Whereas the dominant needle-leaf species in planted forests was Masson pine (pinus massoniana Lamb.) a light-demanding and fast-growing pioneer species, which is known to be less resistance to soil disturbance (Toledo et al. 2011) . Other studies showed that natural forests usually have more complex forest structures and rich biodiversity than plantations, thus the natural forests may be more resistant to threats, such as storms, snow, fungi, and insect infestation (Knoke et al. 2005) . Our results showed that the natural forests were more resistant to the earthquake than the planted forests, may be partly due to that the planted forests are at the beginning stage of succession with a more simple forest structure and species composition than the natural forests.
4.3 The Wenchuan earthquake caused the loss of forest biomass carbon Earthquake could directly trigger landslides, debris flows, and other geohazards, and thus causing severe damages to forests (Meunier et al. 2007 ). For example, Zhang et al. (2010) estimated that the Wenchuan earthquake resulted in approximately 145 km 2 of landslides in forest areas out of a total area of 30,000 km 2 hit by the earthquake along Longmen Shan Fault Zone. Meunier et al. (2007) suggested that large earthquakes may result in 3.7-10 % area of landslides in hilly areas near epicenters. Previous studies also found that the seismogenic geohazards density of the Wenchuan earthquake had reached 3.5/km 2 within 10 km away from the fault (Huang and Li 2009) , and the forest area in the regions of IX-XI had decreased by 744 km 2 (Ouyang et al. 2008) . It has been noted that seismic-induced damages to forests may cause the loss of large amounts of biomass carbon and have a lasting impact on forest carbon stock (Meunier et al. 2007; Hilton et al. 2011) . For example, Hilton et al. (2011) found that earthquake mobilization of forest carbon in the western of Southern Alps may equate to 5-9 Mg C/km 2 /a in a long-term estimates. Pan et al. (2011) and Guo et al. (2013) reported that the total carbon sink of forests ranged between 66 and 122 Mg C/km 2 per year in the south of China. In order to calculate earthquake-induced forest loss in this study, we differentiated dead trees from afforested and natural regenerated trees based on forest inventory data. Our results showed that the total carbon sink in the study area was 72.3 Mg C/km 2 per year, which was consistent with the general description for the south of China (Pan et al. 2011; Guo et al. 2013) . Moreover, we also assessed the loss of forest biomass carbon based on the total carbon sink in the study area and found that the Wenchuan earthquake had caused 6.5-11.9 % of forest carbon loss, especially in the hardest hit zone (25.6 Mg C/km 2 /a), the earthquake mobilized 21-38.8 % of the total carbon sink of forests. Therefore, our results suggested that earthquakes could severely impact forest carbon sequestration and forest dynamics by removing trees over an extended period.
Both biotic and abiotic catastrophic events could cause severe impacts on ecosystem dynamics by reducing the growth of trees or even causing mortality over a vast area, and thus play a key role in long-term ([100 yr) loss of forest biomass carbon . The damages caused by earthquakes are similar to those caused by other disasters such as hurricanes or cyclone, which could mobilize significant amounts of forest carbon pools. For example, Hurricane Mitch led to a loss of 258 Gg C, for an equivalent carbon flux of 4.8-20 Mg C/km 2 /a of vegetation carbon (Ramos-Scharrón et al. 2012 ). More severe damages of landslides triggered by cyclone Morakot in Taiwan mobilized an aboveground biomass of 1252 Gg C (West et al. 2011) . In another case, the mountain pine beetle outbreak in British Columbia, Canada, had resulted in widespread tree mortality, converted the forest from a small net carbon sink to a large net carbon source and produced a cumulative loss of 36 Mg C/km 2 /a of carbon (Kurz et al. 2008) . Our results supported the claim that earthquake-induced damages to forest would have a long-term impact on the geographic characteristics, physical properties of soil and root architecture of trees (Cheng et al. 2012) .
Conclusion
The Wenchuan earthquake was the main cause of the elevated rates of tree mortality from 2007 to 2012. As a result, tree mortality increased significantly from 2.26 to 3.52 % after the earthquake compared to the last 5 years in the region with SI of CVII, and the rate of increase rose exponentially as seismic intensity increased. Moreover, natural forests might be more resistant to disturbance than plantations, even though seismic-induced damages also varied with different forest types, stand mean diameter, elevation, and slope, especially in the severe damaged region with SI of CVIII. The Wenchuan earthquake significantly impacted tree mortality and carbon dynamics of forests across the region. Overall, the earthquake had caused the death of 34.5 million trees and a loss of carbon pool of 1050.11 Gg C (7.87 Mg C/km 2 /a). In this study, we used tree mortality to estimate forest carbon loss resulted from a disaster, an approach that may be used to estimate the impacts of other types of hazards. Furthermore, it demonstrated the use of data collected from permanent plots in evaluating the long-term seismic-induced impacts on forests as it accurately identified the dead, survival, and regenerated individuals after the earthquake. The 8.0 earthquake provided a great opportunity to understand forest ecosystem dynamics and resistance to disturbances; further analysis on the data collected in 2017 from the same permanent plots would potentially be useful in understanding forest recovery from natural disasters.
